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Anomalous transport in molecularly confined spaces
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We develop a novel theory to predict the density dependence of the diffusivity of simple fluids in
a molecularly sized nanopore with diffusely reflecting walls, incorporating nearest neighbor
intermolecular interactions within the framework of the recent oscillator model of low density
transport arising from this laboratory. It is shown that when the pore width is about two molecular
diameters, at sufficiently high densities these interactions lead to a repulsive inner core, as a result
of which the diffusing molecules undergo more frequent reflections at the wall. This leads to a
reduction in diffusivity with increase in density, which is consistent with molecular dynamics
simulation results, and contrasts with the behavior in larger pores where the transport coefficient has
previously been shown to increase with increase in density due to viscouslike intermolecular
interactions. At low densities the behavior is opposite, with the inner core becoming more attractive
with increase in density, which can lead to an increase in diffusivity. The theory consistently
explains molecular dynamics simulation results when the inhomogeneous pair distribution function
of moving particles in the pore is axially periodic, suggesting concerted motion of neighboring
molecules. It is also shown that a potential of mean force concept is inadequate for describing the
influence of intermolecular interactions on transport. © 2007 American Institute of Physics.
DOI: 10.1063/1.2768969
INTRODUCTION
The understanding of adsorbate transport in molecularly
sized nanopores and confined spaces is a subject of long-
standing importance, due to the numerous applications in
membrane and adsorption based separations, heterogeneous
catalysis, and gas-solid reactions. However, the theoretical
machinery for analyzing the transport is still rudimentary,
despite a century-long effort, and is frequently based on con-
sideration of noninteracting systems. The history of the sub-
ject dates back to the seminal work of Knudsen,1 who ana-
lyzed the momentum exchange during gas molecule-wall
collisions, to estimate the transport coefficient at low density
when intermolecular interactions in the fluid can be ne-
glected. This approach was subsequently refined by von
Smoluchowski2 who performed a more detailed trajectory
analysis of molecules diffusing in a pore to derive a more
accurate expression for the relation between the transport
coefficient and pore size, and later by Pollard and Present3
who also considered intermolecular collisions in the fluid. A
further extension was provided by Mason et al.4 through the
commonly used5,6 dusty gas model, which incorporates the
effects of intermolecular collisions via a bulk fluid viscous
flow term. However, the appropriateness of a density depen-
dent bulk viscosity without correction for nonuniformity in
nanopores of molecular dimensions is questionable. Further,
all of these techniques have considered only repulsive fluid-
wall and fluid-fluid interactions via a hard sphere model, and
have neglected dispersive and other long range interactions.
Early work that included such interactions approximated the
relation with the overall transport,7 while using numerical
simulation of trajectories, and was restricted to molecular
flow without fluid-fluid interactions. Rigorous attempts to in-
clude long range interactions via the Chapman-Enskog ki-
netic theory approach8 or other mechanical models9 have had
only limited success, and have proved intractable when the
additional complexities of intermolecular interactions are in-
corporated. More recent approximate models10,11 based on
the Chapman-Enskog kinetic theory have yielded some
qualitative success, but require further investigation and de-
velopment.
With the explosive growth in new carbon and silica
based nanomaterials of controlled porosity and pore size
such as carbon nanotubes, MCM-41, as well as a host of
other materials,12–14 interest in the subject has again
increased,10,11,15–19 with much effort being devoted to devel-
oping improved models of transport in nanopores. A major
step forward, arising from this laboratory, has been the
development19 of a new theory for Lennard-Jones fluids, in-
corporating more realistic fluid-wall as well as fluid-fluid
interactions, that is exact in the low density limit. The theory,
termed the oscillator model, considers the trajectories of fluid
particles oscillating between wall collisions, under the influ-
ence of the fluid-wall potential field. An assumption of the
theory is that molecule-wall collisions are diffuse, so that a
molecule moving normal to the wall is diffusively reflected
in the oscillating i.e., tangential plane after reversing direc-
tion. Such an idealized diffuse reflection model is similar to
that considered in the classical Knudsen1 and
Smoluchowski2 analyses, and may represent the behavior in
many real systems, although recent simulations of transport
considering atomically detailed surfaces suggest nearly
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specular reflection for carbon nanotubes20–22 and graphite
surfaces23 with an idealized defect-free structure. While ab-
normally high transport rates, which would arise in the case
of nearly specular reflection, have been reported in some
experimental results for liquid flow in membranes comprised
of carbon nanotubes,24 the opposite case of diffuse reflection
may also be deduced from reports25 of good correspondence
with the Knudsen theory for nitrogen diffusion in large-
nanotube membranes although this correspondence has been
subsequently disputed.26 Further, recent computational stud-
ies from this laboratory,27 of transport in a realistic model of
a saccharose carbon obtained by reverse Monte Carlo simu-
lation, displaying structural defects, have yielded low trans-
port coefficients for nitrogen and argon, of the order of
10−9 m2/s, consistent with the range of values of
10−9–10−8 m2/s predicted under diffuse reflection
conditions.19,28–30 Diffusivities for various adsorptives, such
as CH4, CO2, and C2H6 in activated carbons, deduced31 from
experimental data, are also of this order of magnitude, as also
transport coefficients in other microporous solids such as
zeolites and carbon molecular sieves,32,33 suggesting diffuse
reflection in many real systems. On the other hand, transport
coefficients for nearly specular ideal nanotubes are several
orders of magnitude larger,20 and in the region of
10−5–10−4 m2/s, while simulations34 of argon and helium
diffusion in defective nanotubes yield transport coefficients
of around 10−8–10−7 m2/s, suggestive of nearly diffuse re-
flection in an effective sense. An approximate correction can
be applied to the oscillator theory diffusion coefficient if the
accommodation coefficient is known.22,30
While exact in the low density limit where intermolecu-
lar interactions are negligible, at higher densities, where such
interactions are significant, the oscillator theory has been
adapted28–30 to include an additive viscous contribution
based on the local average density model15 LADM. How-
ever, the viscous flow concept is most appropriate for meso-
pores and macropores, where multilayer adsorption is pos-
sible, permitting approximations based on corrections to bulk
fluid behavior to be constructed at sufficiently high density.
In narrower pores, of a size range that can accommodate
only a monolayer on the surface, viscous flow models are
less suitable, and better approaches must be developed. For
example, our theory adapting the LADM did not yield the
anomalous decrease in the collective transport coefficient
with increase in density found in molecular dynamics simu-
lations of methane, in 1 nm diameter cylindrical silica mi-
cropores as well as in 1 nm carbon slit pores at sufficiently
high density.28,29 This anomalous decrease was attributed to
the hindrance effect of the interaction between fluid mol-
ecules on opposite sides of the pore centerline, which affects
their trajectory and oscillation period, and a viscous model
that is intended to simulate bulk behavior does not ad-
equately capture this effect even with the LADM correction.
Such pores are typically about two to three times the diam-
eter of the fluid molecules or in the size range of 0.6–1 nm
for small molecules such as H2, N2, CH4, or CO2, and are
found in a variety of industrially important nanoporous ma-
terials such as activated carbon, carbon molecular sieves,
silicas, and zeolites, which are commonly used in separa-
tions. Gas separation membranes based on such materials
also generally comprise of pores in this range. Besides these
established conventional materials, there are also several
newer microporous materials such as carbide derived car-
bons, carbon nanotubes, and aluminophosphates that have
pores in this size range.12 Consequently, from an applications
perspective the pore size range of 0.6–1 nm forms a most
important region for further development of the oscillator
model theory to incorporate density effects in such pores.
From a theoretical viewpoint this region is also interesting
because of anomalous levitation effects that occur in the vi-
cinity of pore size of two to three times the fluid molecular
diameter, when there is a transition from a single to a double
potential well, leading to a maximum in the transport coeffi-
cient with respect to pore size.35–37 Such effects, initially
reported from molecular dynamics MD simulation
results,35,36 have been theoretically explained for low density
in terms of the oscillator model by Anil Kumar and Bhatia.37
Here we report an extension of the oscillator model19
that incorporates density effects by considering the interac-
tions between molecules in pores of size that can accommo-
date one to two layers, in which multilayers cannot form and
conventional viscous flow concepts do not apply. Molecular
dynamics simulations for pores of this size are also reported
for methane as well as carbon tetrafluoride in cylindrical
silica pores, and validate the density dependence predicted
by the new model.
THEORY
We consider here the axial transport of a single compo-
nent Lennard-Jones LJ fluid in a cylindrical pore of radius
rp, corresponding to the radius of the centers of the first layer
of solid atoms on the surface. The approach used here to
model density dependent transport is developed within the
framework of the oscillator model,19 which considers the tra-
jectory of a fluid particle moving under the action of a one-
dimensional radial potential field, r, and an external driv-
ing force represented by the chemical potential gradient. As
shown elsewhere,28,38 based on nonequilibrium molecular
dynamics simulation NEMD, cross-sectional equilibrium
prevails even during transport, so that the chemical potential
gradient, and hence the driving force, is essentially axial.
Since the driving forces employed during NEMD far exceed
those in real systems in order to overcome statistical noise,
cross-sectional equilibrium will also be expected in actual
practice.
Under the assumption of diffuse wall reflection the mean
system velocity will be related to the momentum gain by the
molecules between collisions with the wall, and this yields19
uz =
Dto
kBT
f = f
m
 , 1
where f is the axial force, m is the molecular mass, and  is
the mean time spent along the trajectory between diffuse
wall collisions. Here Dto is the corrected transport i.e., col-
lective diffusivity based on a chemical potential driving
force, related to the Fickian diffusivity through the well
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known Darken relation. Equation 1 provides the transport
coefficient
Dto =
kBT
m
 . 2
The travel time between wall collisions may be obtained by
an analysis of the trajectory and is obtained as19
r,pr,p = 2m
cor,pr,p
rc1r,pr,p dr
prr,r,pr,p
, 3
where prr ,r , pr , p is the radial momentum at position r
for a particle having radial momentum pr at position r, and is
given by
prr,r,pr,p = 2mr − r + pr2r
+
p
2
r2
	1 − r2
r2

1/2 4
and the angular momentum p is constant along the trajec-
tory under the action of the one-dimensional radial potential
field r. Further, rclr , pr , p and rcor , pr , p are the ra-
dial bounds of the trajectory, corresponding to the locations
of the diffuse reflections, and are given by the values of r
corresponding to the solution of
prr,r,pr,p = 0. 5
The mean travel time between diffuse wall collisions, , is
obtained by averaging the trajectory time in Eq. 3 with a
canonical distribution of kinetic energies, to yield the trans-
port coefficient, following Eq. 2 as
Dto
LD
=
2
mQ0

rdr
0

e−pr
2/2mdpr
	
0

e−p
2/2mr2dp
cor,pr,p
c1r,pr,p dr
prr,r,pr,p
, 6
where Q=0rrdr, prr ,r , pr , p follows Eq. 4, and the
density profile r
e−fsr at low densities when fluid-solid
interactions dominate.
The above result was derived earlier19,28 under the as-
sumption of negligible fluid-fluid interaction, for which
r= fsr, where  fs is the fluid-wall potential profile, and
r
e−fsr. Rigorous inclusion of the fluid-fluid interac-
tions within the above framework would entail the simulta-
neous analysis of the trajectories of a large number of inter-
acting particles, an essentially intractable exercise. We
therefore adopt here an alternative, albeit approximate, pro-
cedure by restricting our analysis to a single trajectory as
above, while considering the one-dimensional radial poten-
tial field, r, as an effective field resulting from the super-
position of both fluid-wall and fluid-fluid interactions. To de-
termine an effective field capturing the latter we consider
only nearest neighbor interactions in the present work. For
this purpose, we consider the interaction between a target
fluid particle at radial position r and its immediate neighbor
at r, illustrated in Fig. 1a. The third particle in the figure,
at r, is a nearest neighbor of the central particle at r the
other nearest neighbor being the particle at r. At any average
density  the mean axial distance between the particles at r
and r is given as
d =
2
rp
2
, 7
which holds for a pore in which multilayers do not form. The
average density is related to the density profile, r, by
 =
2
rp
2
0
rp
rrdr . 8
We now assume that the second nearest neighbor at r is
located at an axial distance d from the target particle at r,
while the first nearest neighbor at r has greater axial free-
dom and is located at a random axial position, z, between
these as illustrated in Fig. 1a. Further, the particles at r and
r are located at polar angles of  and , respectively, rela-
tive to the target particle as depicted in Fig. 1b. Consider-
ing the coordinates z, r, r, , and  as random variables,
the effective potential field encountered by the particle at r,
due to nearest neighbor fluid-fluid interactions, is given by
FIG. 1. Illustration of nearest neighbor particles in cylindrical pore. The
dark circles represent solid atoms and the empty circles the adsorbate par-
ticles. a Side view showing three particles at radial positions of r, r, and
r, and b cross-sectional view showing the polar angle between particles,
measured relative to the particle at r.
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 f fr = 2
0
2
0
R
0
2
0
R
0
d
LJbr,z,r,Pz,r,,r,/rdzrdrdrdrd, 9
where LJs is the two-body taken here as Lennard-Jones interaction potential between two fluid particles having center to
center distance s, br ,z ,r , is the distance between the target particle at r and its immediate neighbor at z ,r ,, and
Pz ,r , ,r , /r is the joint probability density for a particle at z ,r , and another at d ,r ,, given a target particle at
r. Following McQuarrie39 this probability density is given in terms of the three particle correlation function, g3
	z ,r , ,r , /r, as
Pz,r,,r,/r =
rrg3z,r,,r,/r
0
20
R0
20
R0
drrg3z,r,,r,/rdzrdrdrdrd
. 10
The factor of 2 on the right hand side of Eq. 9 accounts for
the interactions from both sides of the target particle at r. In
principle the above three-particle correlation function,
g3z ,r , ,r , /r, and probability distribution,
Pz ,r , ,r , /r, must be dynamic; however, for tractabil-
ity we represent these in terms of equilibrium distributions.
To this end we employ the superposition approximation39
g3r,z,r,,r,/r
 g2r,z,r,g2r,d − z,r, − g2
	r,d,r, 11
and the low density approximations39
g2r,z,r,  exp− LJbr,z,r,/kBT , 12
g2r,d − z,r, − 
 exp− LJbr,d − z,r, − /kBT . 13
While rigorously valid only for an isolated system of par-
ticles, within the present context, in which only nearest
neighbor interactions are considered, Eqs. 11–13 provide
an accurate representation for fixed positions of the particles
at r and r. Closure of Eqs. 9–13 now requires a suitable
approximation for g2r ,d ,r ,, and for this we consider
here the alternatives
g2r,d,r,  exp− LJbr,d,r,/kBT , 14a
g2r,d,r,  1, 14b
g2r,d,r,  r − r . 14c
The second of these considers no correlation between a fluid
particle and its second nearest neighbor, while the third con-
siders their radial and angular coordinates to be identical.
The latter essentially assumes periodicity in the axial direc-
tion with period d. Here we shall compare the predictions of
the transport coefficient based on these three approximations
with simulation results. For completeness we provide below
the expression for the distance br ,z ,r ,,
br,z,r, = r2 + r2 − 2rr cos + z2 . 15
Equations 7–15 represent our model for determining the
effective potential field,  f fr, embedding the effect of fluid-
fluid interactions within the nearest neighbor approximation
in molecularly sized nanopores in which multilayers cannot
form. Superposition of this field with the wall potential,
 fsr, provides the effective total potential, r, to be used
in Eqs. 4–6 to determine the density dependent transport
coefficient, i.e.,
r =  f fr +  fsr . 16
The above model has been validated against simulations with
model systems, the methodology for which is outlined below.
MODEL SYSTEMS AND SIMULATIONS
Equilibrium as well as nonequilibrium molecular dy-
namics simulations have been performed here, using meth-
ane at 150 and 300 K as well as carbon tetrafluoride at
300 K, modeled as LJ fluids, in cylindrical pores in amor-
phous silica having infinitely thick pore walls comprised of
close packed LJ sites. The commonly used LJ 12-6 potential
is used to model both fluid-solid as well as fluid-fluid inter-
actions. Table I provides the interaction model parameters
used for the fluids, while ss=0.29 nm and ss /kB=290 K
for the solid phase LJ sites.38 The Lorentz-Berthelot rules
were employed for estimating fluid-solid interaction param-
eters. The one-dimensional solid-fluid potential at any radial
position is obtained by summing over the interactions with
solid sites lying within twelve layers of the surface and axi-
ally within five atomic diameters. A cutoff distance of 2.5 nm
is used in estimating fluid-fluid interactions.
In our simulations the system size typically involved
300–500 particles, the equations of motion for which were
solved using a fifth-order Gear technique with a time step of
2 fs, while employing a Gaussian thermostat.40 Each run had
a length of 107–1.5	107 time steps, of which the first
2	106 time steps were rejected. A diffuse wall scattering
condition was applied, so that on reversing direction after
wall collision the momentum of any fluid particle was ran-
domized in the tangential plane. For the NEMD simulations
an external acceleration z of 0.007–0.07 nm/ps2 was ap-
TABLE I. LJ potential parameters for CH4 and CF4.
Fluid parameter CH4 CF4
 f f nm 0.381 0.4662
 f f /kB K 148.1 134.0
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plied to each particle to simulate an external driving force,
and an effective transport coefficient computed from the
measured flux, following
jz =
Dtom
kBT
z, 17
where jz is the axial number flux. Linear response behavior
with transport coefficient independent of the applied accel-
eration was obtained for the range of z used.
For the equilibrium molecular dynamics EMD simula-
tions a collective transport coefficient was obtained from the
autocorrelation of the fluctuating system velocity via the
Green-Kubo relation41
Dto = N lim
→

0

uz0uztdt , 18
where
uzt =
1
Ni=1
N dzi
dt
=
1
Ni=1
N
vizt 19
is the instantaneous collective velocity. As shown
elsewhere18,38,42 both EMD and NEMD yield the same trans-
port coefficient capturing the effect of both fluid-wall and
fluid-fluid interactions or, loosely speaking, both diffusive
and viscous contributions to the transport.
RESULTS AND DISCUSSION
Effective potential energy profile
Equations 7–16 permit the calculation of an effective
potential energy profile, r, for a fluid molecule, at any
average density, , accounting for both fluid-wall and near-
est neighbor fluid-fluid interactions. Evaluation of the inte-
grals in Eqs. 9 and 10 requires the density profile, r,
and this may be obtained from grand canonical Monte Carlo
GCMC simulation43 or density functional theory.44 In the
present case density profiles were obtained by GCMC simu-
lation following the Metropolis45 algorithm, as outlined
elsewhere.38 Since density profiles from simulation generally
carry inherent statistical scatter they were smoothed prior to
use in the present theory by means of the fitting function
r = e−fsr/kBT
i=1
n
air
i−1
, 20
in which the unknown coefficients ai were obtained by linear
regression. A total of nine terms in the series expansion were
used i.e., n=9, which generally provided good correlation
with near-minimum fitting error, although at the low density
limit only one term is sufficient. Figure 2 depicts the quality
of the fit of Eq. 20 to the density profiles, using as an
example the case of CH4 at 300 K in a 1.05 nm pore at an
average density of 5.18 nm−3. While providing exceptionally
good overall fit in all cases studied here, in some instances
anomalous behavior of the density profile very near the cen-
ter appeared in the fitted curve due to the high degree of
scatter in this region, but as shown in the inset in Fig. 2 this
occurred in a very narrow central region, and was inconse-
quential.
Figure 3 depicts the computed effective potential energy
profiles, r, for methane at 300 K in a 0.85 nm diameter
pore, at various densities, using the periodic closure approxi-
mation for g2r ,d ,r , in Eq. 14c. The solid line repre-
sents the fluid-wall potential, obtained at zero density, and
with increase in density the effective potential energy de-
creases only slightly. In this case there does not appear to be
any hindrance effect of neighboring particles which would
lead to increase of the repulsive region even at the highest
density investigated. However, this is to be expected, as the
mean interparticle distance d /2 of 0.46 nm at the highest
FIG. 2. Fit of simulation based density profile by smooth function, follow-
ing Eq. 20. The inset shows the data scatter and fit in the low density
region near the pore centerline.
FIG. 3. Effect of adsorbed density on potential energy profile for methane at
300 K in pore of diameter 0.85 nm.
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density of 3.8 nm−3 exceeds the Lennard-Jones size param-
eter of methane of 0.381 nm. Similar behavior was noted for
methane at 150 K for the same pore size.
Figure 4 depicts the effective potential energy profiles
for methane at various densities in a 1.05 nm diameter pore
at 15 and 300 K, also using the periodic assumption for
g2r ,d ,r , in Eq. 14c. In this case the results are more
remarkable than those for the smaller pore size, with an ini-
tial decrease in the potential energy with increase in density,
followed by an increase in the potential energy in a central
region above a density of about 3 nm−3. This is easily rec-
onciled with Eq. 7 which predicts that the mean axial spac-
ing between nearest neighbors is equal to the Lennard-Jones
size parameter value of 0.381 nm for methane at a density of
3.03 nm−3 in a 1.05 nm diameter pore. At this pore size ex-
actly two methane molecules will fit on a single diameter,
preventing mutual access into the central region in the close
packed condition. Therefore, at densities higher than about
3 nm−3 repulsive interactions between nearest neighbors will
hinder their access to a central region that increases in size
with density. This is evident in Fig. 4, in which there is a
repulsive central region that becomes increasingly large as
the density increases. Interestingly, at a given density this
repulsive region is slightly larger at 300 K compared to that
at 150 K, which is attributable to the higher kinetic energy at
the higher temperature and therefore greater tendency for
repulsive interaction in the narrow confinement. Figure 5
shows similar behavior in a slightly larger pore of 1.26 nm
diameter, although the central repulsive region at high den-
sities is now smaller. This figure is also based on the periodic
assumption for g2r ,d ,r ,. In this case Eq. 7 predicts a
density of about 2.1 nm−3 when the mean axial spacing is
0.381 nm. However, the pore is wider and the effect is less
apparent, although the potential energy at the center begins
to show an increase at density between 2 and 3.5 nm−3. Fur-
ther, the difference in the repulsive region between 300 and
150 K is also smaller than for the 1.05 nm pore which re-
duces repulsive interactions.
As shown in Fig. 6 the general behavior of the effective
potential energy profiles for CF4 is similar to that for meth-
ane. At a pore diameter of 1.05 nm Eq. 7 predicts a density
of 2.48 nm−3 when the mean axial intermolecular spacing is
equal to the LJ size parameter of 0.4662 nm for CF4. At
higher densities one may expect the potential energy at the
center to start increasing as adjacent molecules begin to
hinder each other in a central region with increase in density.
FIG. 4. Effect of adsorbed density on potential energy profile for methane at a 150 and b 300 K, in pore of diameter 1.05 nm.
FIG. 5. Effect of adsorbed density on potential energy profile for methane at a 150 and b 300 K, in pore of diameter 1.26 nm.
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The initiation of a central region of increasing potential en-
ergy, consistent with this argument, is evident in Fig. 6a. At
a pore size of 1.26 nm exactly two CF4 molecules can fit on
a diameter, and as seen in Fig. 6b the profiles are qualita-
tively similar to those for CH4 in the pore of diameter
1.05 nm in which exactly two methane molecules fit. In the
1.26 nm diameter pore a repulsive central region will be ini-
tiated at a density of about 1.7 nm−3, based on Eq. 7, which
is consistent with the profiles in Fig. 6b.
Transport
Based on the effective potential energy profile at any
density the model in Eqs. 1–6 provides a theoretical esti-
mate of the collective transport coefficient. Computations of
this coefficient were done here for various pore sizes and
densities, and the results compared with those from molecu-
lar dynamics simulations to validate the theory. Figures 7a
and 7b depict the variation of transport coefficient of meth-
ane with density for pores of diameter 0.85 and 0.95 nm,
respectively, at 150 K as well as 300 K. The first three low
density points reflect EMD based results, while the remain-
ing points were obtained by NEMD, as discussed earlier.
This strategy of using EMD at low density was employed
because of the higher uncertainty in NEMD simulation re-
sults in this region. At these sizes the simulations show a
very small increase in transport coefficient with increase in
density over the range investigated, with somewhat larger
error of the simulations at the smaller pore diameter. Here
the error estimate is represented by a standard deviation de-
termined by subdividing the long simulation run of
10–15	106 time steps into about six smaller runs. The
small increase in simulation results for the diffusivity in
Fig. 7 is not seen in the theoretical results, although the latter
are in good quantitative agreement with the simulations at
low densities. It should be noted that the pore sizes are too
small to fit two methane molecules on a diameter, and only
slightly beyond the single file region where a single molecule
fits exactly in the pore. At a smaller pore size of 0.75 nm
diameter, in the single file regime, we have earlier shown
independence of the collective transport coefficient to
density,18,28,30 both from simulation and theory. In this re-
gime intermolecular forces can only be axial with no lateral
FIG. 6. Effect of adsorbed density on potential energy profile for CF4 at 300 K in pores of diameter a 1.05 and b 1.26 nm.
FIG. 7. Variation of collective diffusivity of CH4 with density, at 150 and 300 K, in pores of diameter a 0.85 and b 0.95 nm.
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component, so that the oscillation time, and hence the diffu-
sivity, is unaffected cf. Eq. 2 by adsorbate interactions.
Nevertheless, the mild increase seen for the slightly larger
pore sizes in Fig. 7 is not reflected in the present theory,
suggesting that multiparticle dynamics plays a role, and that
the equilibrium pair distributions used here may not be suf-
ficiently accurate in this case. A somewhat related observa-
tion has been made earlier by Sholl and Fichthorn46 who
reported concerted diffusion of molecular clusters in the
single file regime, based on simulations of SF6, CF4, and
CCl4 transport in ALPO4-5. In the work of Sholl and Fich-
thorn the mismatch between the length scale of adsorbate-
adsorbate interactions and the periodicity of the pore poten-
tial plays an important role. While it is not immediately clear
that the mechanism is the same in the present case where the
pore is structureless, we note here that the latter implies a
“zero” period in the pore potential, and may, in fact, create
the mismatch. The multiparticle dynamics associated with
such concerted diffusion behavior is beyond the scope of the
present model that considers a two or three particle unit cell,
and as indicated earlier consideration of concurrent dynamics
of several particles is currently an intractable option.
The theoretical estimates shown in Fig. 7 have been ob-
tained using the periodic unit cell assumption for
g2r ,d ,r , in Eq. 14c, given by the solid line, as well
as the exponential distribution in Eq. 14a, given by the
dashed line. The results are essentially insensitive to the
choice, and the third function in Eq. 14b, assuming no cor-
relation between the first and third atoms, also gave similar
results. This lack of sensitivity is due to the fact that for both
pore sizes in Fig. 7 there is a little hindrance effect between
neighboring molecules throughout the density range investi-
gated, which is evident based on Eq. 7 as well as Fig. 3. As
an alternative to the above theory, at the temperature of
300 K, we also considered the potential energy field, r, in
Eqs. 2–6, based on the potential of mean force concept38
which provides
r = − kBT lnr/b 21
for the inhomogeneous system under consideration. Here b
is the bulk density of the adsorptive. The dotted line in Figs.
7a and 7b gives the result of this approach at 300 K.
Although at the pore size of 0.85 nm this model matches the
results based on Eqs. 7–16, at the pore diameter of
0.95 nm the potential of mean force yields a stronger de-
crease in diffusivity with density. This is quite the opposite
trend to the simulation results, suggesting failure of the po-
tential of mean force PMF approach for transport model-
ing.
Figure 8 depicts the agreement between theory and
simulation for transport of CH4 at 150 and 300 K, as well as
CF4 at 300 K in a slightly larger pore of 1.05 nm diameter.
At this pore size exactly two methane molecules can fit on a
diameter, and therefore mutual hindrance is expected at den-
sities higher than about 3 nm−3, as discussed earlier. This
behavior is indeed evident in the simulation results in Fig. 8,
where the diffusivity for methane is initially constant with
increase in density, but subsequently reduces beyond a den-
sity of about 3 nm−3. It is also seen that the present model
can predict the variation of transport coefficient of CH4 with
density satisfactorily when g2r ,d ,r , is assumed peri-
odic as in Eq. 14c, albeit with some minor overprediction
of 3%–7% at 300 K, and 5%–10% at 150 K, above a density
of about 2 nm−3. Further the exponential function in
Eq. 14a for g2r ,d ,r , is found to severely overpredict
at high density. The result for the case of g2r ,d ,r ,=1,
as in Eq. 14b, was very similar to that for the exponential
function. These results and the relative success of the peri-
odic function for g2r ,d ,r , suggest strong internal cor-
relations within groups of molecules, i.e., concerted motion
of clusters. Indeed, the notion of concerted motion of clusters
of molecules has been suggested earlier by Sholl and
Fichthorn,46 and the present finding further confirms their
observations.
As for the smaller pore size of 0.95 nm in Fig. 7b, Fig.
8 shows the PMF approach to yield a much stronger decrease
in diffusivity of CH4 with density than is seen in simulation
or the present theory with a periodic g2r ,d ,r ,. This
further confirms the inadequacy of the PMF approach. This
stronger decrease in diffusivity with increase in density for
the PMF approach may be rationalized by examining the
radial profile of this potential, depicted in Fig. 9, for the pore
diameter of 1.05 nm. Here, since we are interested only in
the variation of the PMF, for convenience b has been taken
to be 1 nm−3. Comparison of the slopes of the profiles in
Figs. 4b and 9 shows that with the PMF approach the po-
tential well is sharper. Consequently, for particles moving
towards the center, upon crossing the potential minimum lo-
cation the repulsive force is stronger compared to that based
on the model in Eqs. 7–15. Such particles will be decel-
erated faster and therefore undergo shorter trajectories be-
tween wall reflections, which reduces the transport coeffi-
cient following Eqs. 2–6. This trajectory shortening will
not necessarily apply to very high energy particles that can
FIG. 8. Variation of collective diffusivity of CH4 with density, at 150 K and
of CH4 as well as CF4 at 300 K, in pore of diameter 1.05 nm.
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approach the axis for the PMF model, but is decelerated
faster with the current model, due to the much steeper in-
crease in potential energy near the axis in the latter case.
Thus, at very high temperatures where the majority of the
particles can approach the pore axis it may be expected that
the PMF based theory will overpredict rather than underpre-
dict the transport coefficient, but this was not further pursued
here.
Figure 8 shows a small initial increase in the transport
coefficient of CH4 with increase in density up to a density of
about 2.5–3 nm−3, for the present theory with periodic
g2r ,d ,r ,. In this range of density the effective poten-
tial becomes more attractive throughout the pore and the
potential well near the wall is broader, as seen in Fig. 4. As a
consequence the trajectory time increases and the transport
coefficient increases with increase in density. This effect is
somewhat akin to the levitation effect, whereby a maximum
in diffusivity with respect to pore size occurs when there is a
transition from a single to a double potential well.35–37
Nevertheless, it is not found in the simulation results, sug-
gesting that it may be an artifact of the form of g2
	r ,d ,r , assumed in this case.
Figure 8 also depicts the simulation and theoretical re-
sults for CF4 transport in the 1.05 nm pore at 300 K. In this
case, given the LJ size parameter of 0.4662 nm, two CF4
molecules cannot fit on a diameter, and a complete mono-
layer is not possible. The situation is much the same as for
methane in the 0.95 nm diameter pore, depicted in Fig. 7b,
and trends of the simulation as well as theoretical results are
also similar, with a small increase in simulation based results
with increase in density. On the other hand, the theoretical
results, while insensitive to the choice of g2r ,d ,r ,,
show a much smaller degree of variation.
Figures 10 and 11 depict the variation in diffusivity with
density for CH4 at 150 and 300 K, and for CF4 at 300 K, in
pores of diameter 1.16 and 1.26 nm, respectively. At these
larger sizes for CH4 the additional spatial freedom available
leads to a reduction in the degree of correlation between the
first and last molecules in our three particle system, and the
difference between the predictions for different choices of
g2r ,d ,r , is much smaller. Although only the results for
g2r ,d ,r , based on Eqs. 14a and 14c are depicted,
the result based on Eq. 14b was essentially the same as that
for Eq. 14a. This loss of correlation is greater at higher
densities where the agreement with simulation improves for
the exponential choice of g2r ,d ,r ,, and for higher
FIG. 9. Profiles of potential of mean force for CH4 in pore of diameter
1.05 nm at 300 K, at various densities.
FIG. 10. Variation of collective diffusivity of CH4 with density, at 150 K
and of CH4 as well as CF4 at 300 K, in pore of diameter 1.16 nm.
FIG. 11. Variation of collective diffusivity of CH4 with density, at 150 K
and of CH4 as well as CF4 at 300 K, in pore of diameter 1.26 nm.
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temperatures. However, while satisfactory at the pore diam-
eter of 1.16 nm, at the larger size of 1.26 nm the theory is no
longer able to predict the simulation data well, with devia-
tions as large as 15% at 150 K. At this pore size between two
and three molecules can fit on a pore diameter, so that the
single layer theory based on the system illustrated in Fig. 1
begins to loose its accuracy. Indeed, for pores larger than
about 1.56 nm in diameter we have already demonstrated28,30
success of a model that incorporates viscous effects using the
LADM approximation.
For CF4 where two molecules can readily fit on a pore
diameter at pore sizes of 1.26 nm the predictions of the cur-
rent theory with the periodic function for g2r ,d ,r , are
excellent for this as well as the smaller pore diameter of
1.16 nm, as seen in Figs. 10 and 11. However, for the smaller
pore size of 1.16 nm, where two molecules cannot fit on a
diameter, the result for an exponential g2r ,d ,r , is
quite poor, similar to that for methane in the pore of size 0.95
or 1.05 nm. Similar results were obtained for
g2r ,d ,r ,=1 as in Eq. 14b. Thus, concerted motion of
groups of CF4 molecules is suggested at these pore sizes, as
has been noted for CH4 when the pore diameter can fit up to
two molecules, i.e., a complete monolayer is possible.
CONCLUSIONS
The main outcome of this work has been a novel theory
of the transport of Lennard-Jones fluids in nanopores, which
incorporates nearest neighbor intermolecular interactions to
predict the density dependence of the diffusion coefficient.
The theory has been developed within the framework of the
recent oscillator model from this laboratory,19,28–30 which
provides an exact result for the low density diffusion coeffi-
cient in a one-dimensional fluid-wall interaction potential
field when fluid-wall collisions are diffuse. The new theory
determines an effective potential by superposition of the
fluid-fluid and fluid-wall interactions, which can be used in
conjunction with the oscillator model, and is found to yield
results in agreement with those from molecular dynamics
simulations in molecularly sized nanopores that can accom-
modate at most two molecules in the pore width i.e., a
single monolayer on the surface. Pores of this size are typi-
cally only two to three molecular diameters in dimension,
and comprise the predominant part of the pore structure of
microporous activated carbons and silicas, carbon molecular
sieves, as well as zeolites. In such pores the new theory
shows that as the density of the adsorbed fluid increases in-
teractions between nearest neighbors lead to a repulsive inner
core within a pore, as a result of which the trajectories of the
fluid particles become shorter and the frequency of wall col-
lisions increases. This leads to an anomalous decrease in the
collective diffusion coefficient with increase in density, re-
ported in our earlier work27–29 for pores of this size, as op-
posed to an increase in diffusivity with density due to vis-
couslike effects in larger pores. In providing a fundamental
explanation of this behavior, the new theory is most success-
ful when the pair distribution function is axially periodic,
which suggests that there are strong internal correlations be-
tween the motions of neighboring particles.
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